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Semliki Forest virus (SFV) has been shown previously to fuse efficiently with cholesterol- and sphingolipid-containing
liposomal model membranes in a low-pH-dependent manner. Several steps can be distinguished in this process, including
low-pH-induced irreversible binding of the virus to the liposomes, facilitated by target membrane cholesterol, and subsequent
fusion of the viral membrane with the liposomal bilayer, specifically catalyzed by target membrane sphingolipid. Binding
and fusion are mediated by the heterodimeric viral envelope glycoprotein E2/E1. At low pH the heterodimer dissociates,
and the E1 monomers convert to a homotrimeric structure, the presumed fusion-active conformation of the viral spike. In
this paper, we demonstrate that SFV–liposome fusion is specifically inhibited by Zn2/ ions. The inhibition is at the level of
the fusion reaction itself, since virus–liposome binding was found to be unaffected. Zn2/ did not inhibit E2/E1 dissociation,
but severely inhibited exposure of an acid-specific epitope on E1, E1 homotrimer formation, and acquisition of trypsin-
resistance. It is concluded that virus–liposome binding solely requires low-pH-induced E2/E1 heterodimer dissociation,
while fusion depends on further rearrangements in the E1 spike protein. As these rearrangements occur subsequent to the
binding step, their precise course, including the formation of a fusion complex, may be influenced by interaction of E1 with
target membrane lipids. q 1997 Academic Press
INTRODUCTION berg et al., 1992; Bron et al., 1993). This demonstrates
that receptor binding is not a molecular requirement for
The alphavirus SFV enters its host cell through recep- fusion. On the other hand, both cholesterol and sphingoli-
tor-mediated endocytosis (Garoff et al., 1994; Kielian and pids in the target membrane appear to be essential
Helenius, 1986; Marsh et al., 1983). This process involves (White and Helenius, 1980; Kielian and Helenius, 1984,
binding of the virus to a cell-surface receptor and subse- 1985; Nieva et al., 1994; Corver et al., 1995; Moesby et
quent vesicular transport of intact virions to the endoso- al., 1995; Wilschut et al., 1995). In the liposomal model
mal cell compartment. There, induced by the mildly acidic system, cholesterol mediates low-pH-dependent binding
pH in the lumen of the endosomes, fusion of the viral of the virus to the target membrane, while sphingolipids
and endosomal membranes occurs and the viral genome catalyze the actual fusion event (Nieva et al., 1994). We
gains access to the cytosol. The cell entry and fusion have demonstrated that the interaction of the virus with
process of SFV are mediated by the E2/E1 heterodimeric sphingolipids in the target membrane is a highly specific
envelope glycoprotein of the virus, E1 carrying the mem- process, probably involving formation of a complex be-
brane fusion activity (Garoff et al., 1980; Levy-Mintz and tween the sphingolipid and E1 (Corver et al., 1995;
Kielian, 1991; Marsh et al., 1983; Omar et al., 1986; Wahl- Moesby et al., 1995; Wilschut et al., 1995).
berg and Garoff, 1992). At a mildly acidic pH, the E2/ As indicated above, during low-pH-induced SFV mem-
E1 spike undergoes a series of conformational changes brane fusion, the viral spike undergoes a series of confor-
(Wahlberg and Garoff, 1992), resulting in the formation mational changes, including dissociation of the E2/E1 het-
of an E1 homotrimer, the putative fusion-active conforma- erodimer, exposure of an acid-specific epitope on E1 rec-
tion of the viral spike (Wahlberg et al., 1992). ognized by a monoclonal antibody (aE19), formation of an
SFV has been shown to fuse, in a low-pH-dependent E1 homotrimer, and acquisition by E1 of a trypsin-resistant
manner, with liposomes lacking the specific cellular re- phenotype (Wahlberg et al., 1992; Bron et al., 1993; Just-
ceptor for virus binding (White and Helenius, 1980; Wahl- man et al., 1993; Klimjack et al., 1994). In addition, at a
certain stage of this sequence of conformational changes,
interaction with target membrane lipids occurs, which may
1 Present address: MRC Laboratory for Molecular Cell Biology, Uni- then further influence the course of events. The exact
versity College London, Gower street, London, WC1E 6BT, UK.
order in this series of conformational changes is not clear,2 To whom correspondence and reprint requests should be ad-
although, in a previous kinetic study of SFV–liposomedressed. Fax: 31 50 3632728. E-mail: J.C.Wilschut@med.rug.nl;
J.Corver@med.rug.nl. fusion, we have demonstrated that binding of the virus to
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the target membrane and E1 homotrimer formation pre- Corver et al., 1995; Moesby et al., 1995). Briefly, virus
(final concentration, 0.5 mM phospholipid) and liposomescede the actual fusion event (Bron et al., 1993).
In the present study, using Zn2/ as a specific inhibitor (final concentration, 0.2 mM phospholipid) were mixed
in the cuvette of the fluorometer in a final volume of 0.7of SFV–liposome fusion, we demonstrate that E2/E1 het-
erodimer dissociation is the sole requirement for low- ml of HNE buffer (pH 7.4). The content of the cuvette was
stirred and kept at a temperature of 377. Fusion waspH-dependent binding of the virus to the liposomes, im-
plying that E1 homotrimer formation occurs subsequently initiated by injection of a small pretitrated volume of 0.1
M MES, 0.1 M acetic acid (pH 4.9) to achieve a final pHand may thus be influenced by interaction of E1 with
target membrane lipids. of 5.5. The fusion scale was calibrated such that 0%
fusion corresponded to the initial excimer fluorescence
level and 100% fusion to the fluorescence after addition ofMATERIALS AND METHODS
the detergent octa(ethylene glycol) n-dodecyl monoether
Lipids
(Fluka, Buchs, Switzerland) to a final concentration of 10
mM, resulting in an infinite dilution of the fluorophore.Phosphatidylcholine (PC) from egg yolk, phosphatidy-
lethanolamine (PE), prepared by transphosphatidylation ZnCl2 was added from a 100, 10, or 1 mM stock solution
in HNE buffer to the virus-liposome mixture before fusionof egg PC, and sphingomyelin (SPM) from bovine brain
were obtained from Avanti Polar Lipids (Alabaster, AL). was triggered by lowering the pH.
Cholesterol (Chol) was from Sigma Chemical Co. (St.
Louis, MO). Fusion inactivation
Liposomes SFV was incubated in the presence of liposomes (0.2
mM phospholipid) and 1 mM Zn2/ at pH 5.5 and 377Liposomes (large unilamellar vesicles) were prepared
for the periods of time indicated. Subsequently, EDTAby a freeze–thaw/extrusion procedure, as described pre-
(pretitrated to maintain a final pH of 5.5) was added toviously (Bron et al., 1993; Corver et al., 1995; Moesby et
a concentration of 2 mM and the remaining fusion capac-al., 1995; Nieva et al., 1994). Briefly, lipid mixtures, dried
ity was measured. Inactivation was calculated as thefrom chloroform, were hydrated in HNE buffer (150 mM
difference between the fusion extent, 30 sec after addi-NaCl, 50 mM HEPES, 0.1 mM EDTA, pH 7.4). Subse-
tion of EDTA (Fz), and the extent of fusion in the absencequently, the suspensions were subjected to five cycles
of Zn2/ (Fb), divided by the extent of fusion in the absenceof freeze–thawing (Mayer et al., 1985) and extruded 21
of Zn2/: (Fb 0 Fz ) /Fb 1 100%. As a control, inactivationtimes (Hope et al., 1985) through a Unipore polycarbo-
in the absence of Zn2/ and liposomes was measured,nate filter (pore size, 0.2 mM) (Nuclepore, Pleasanton, CA)
as follows. Virus was incubated at pH 5.5 and 377 for thein a Liposofast mini-extruder (Avestin, Ottawa, Canada).
periods of time indicated. Subsequently, liposomes (0.2Liposomes consisted of a mixture of PC, PE, SPM, and
mM phospholipid) were added and the remaining fusionChol in a molar ratio of 1:1:1:1.5. Liposome concentra-
capacity was determined.tions were determined by phosphate analysis (Bo¨ttcher
et al., 1961).
Virus-liposome binding
Cells and virus
Binding of the virus to liposomes was measured by
Baby Hamster kidney (BHK-21) cells were grown in flotation analysis on sucrose density gradients, as de-
Glasgow’s modification of Eagle’s minimal essential me- scribed before (Kielian and Helenius, 1984; Wahlberg et
dium (Gibco/BRL, Breda, The Netherlands), supple- al., 1992; Bron et al., 1993; Nieva et al., 1994; Corver et
mented with 10 % tryptose phosphate broth, 5% fetal calf al., 1995; Moesby et al., 1995). Briefly, a mixture of a trace
serum, and 2 mM glutamine. Pyrene- and [35S]- amount of [35S]methionine-labeled SFV, unlabeled SFV
methionine-labeled SFV were purified from the medium (0.5 mM phospholipid), and liposomes (1 mM lipid) in a
of infected cells, as described before (Wahlberg et al., total volume of 2 ml was adjusted to pH 5.5 by addition
1992; Bron et al., 1993; Nieva et al., 1994; Moesby et al., of a pretitrated volume of 0.1 M MES and 0.1 M acetic
1995). Viral phospholipid was determined, after extrac- acid, pH 4.9. Samples were taken and adjusted to pH
tion of membrane lipids (Bligh and Dyer, 1959), by phos- 8.0 by addition of a pretitrated volume of 0.14 M NaOH.
phate analysis (Bo¨ttcher et al., 1961). The samples were subjected to sucrose density gradient
centrifugation, the liposome-bound virus floating to the
Fusion assay
top of the gradient. The gradients were fractionated in
10 samples from the top and the radioactivity distributionFusion of SFV with liposomes was monitored continu-
ously in an AB2 fluorometer (SLM-Aminco, Urbana, IL) determined by liquid scintillation counting. The radioac-
tivity in the top four fractions, relative to the total, wasas a decrease of the pyrene excimer fluorescence (Wahl-
berg et al., 1992; Bron et al., 1993; Nieva et al., 1994; taken as the percentage of virus bound to the liposomes.
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FIG. 1. Influence of Zn2/ on fusion of pyrene-labeled SFV with PC/PE/SPM/Chol liposomes at pH 5.5. (A) Curve a, control; curve b, 1 mM ZnCl2
and 2 mM EDTA; curve c, 1 mM CaCl2 ; curve d, 1 mM ZnCl2 . (B) Concentration dependence of fusion inhibition by Zn2/. Curve a, control; curves
b–g, 25 mM, 50 mM, 0.1 mM, 0.25 mM, 0.5 mM, and 1 mM ZnCl2 , respectively.
Virus aggregation the trimeric E1 structure (Wahlberg et al., 1992). The
amount of E1 in monomeric and trimeric form was quanti-
Potential aggregation of SFV in the presence of Zn2/
fied by phosphorimaging. The percentage of trimer was
was evaluated by laser light scattering in a Submicron
determined as the ratio of E1 trimer over the total amount
particle sizer (Model 370, Nicomp, Santa Barbara, CA),
of E1 (monomer and trimer).
after incubation of the virus (10 mM phospholipid) in the
For assessment of E1 trypsin resistance, samples
presence or absence of 1 mM ZnCl2 for 5 min at 377. were incubated for 15 min at 377 in the presence of 200
mg/ml trypsin and subsequently loaded on SDS–PAGEE2/E1 conformational changes
gels after heating of the samples. The amount of trypsin-
[35S]Methionine-labeled SFV, where necessary diluted resistant E1, expressed in arbitrary units, was deter-
with unlabeled SFV (0.5 mM total phospholipid), and lipo- mined by phosphorimaging.
somes (0.2 mM) were incubated at pH 7.4 or 5.5 in the In all cases, patterns on the gels were also visualized
presence or absence of 1 mM Zn2/. Samples were taken by autoradiography, essentially as described before
at the indicated time points, neutralized, solubilized in 1% (Wahlberg et al., 1992; Bron et al., 1993).
Nonidet P-40 (NP-40), and further analyzed, as described
below.
RESULTS
Dissociation of the E2/E1 heterodimer was analyzed
by coimmunoprecipitation of E2 with an aE1 monoclonal Zn2/ specifically inhibits SFV-liposome fusion
antibody (UM 8–139), using protein A-coated Sepharose
beads (Pharmacia, Uppsala, Sweden). After washing of Figure 1A shows that low-pH-induced fusion of SFV
with PC/PE/SPM/Chol liposomes is inhibited specificallythe beads, as described (Huckriede and Agsteribbe,
1994), the samples were analyzed by SDS–PAGE. Gels by Zn2/. Pyrene-labeled virus was incubated with the
liposomes at pH 5.5 in the presence or absence of 1were scanned by phosphorimaging (Phosphorimager
Type 425, with Image Quant 3.3 software, Molecular Dy- mM ZnCl2 . In the absence of Zn
2/, fusion was fast and
extensive (curve a), in agreement with previous observa-namics, Sunnyvale, CA) and the intensity of the bands
was quantified. The percentage of dissociation was cal- tions (Nieva et al., 1994; Corver et al., 1995). In the pres-
ence of 1 mM Zn2/, fusion was completely inhibitedculated as (E2/E1)c-(E2/E1)e 1 100%, in which (E2/E1)c
represents the ratio of E2 and E1 intensities in an undis- (curve d). Addition of an excess of EDTA, prior to acidifi-
cation, abolished the inhibitory effect of Zn2/ (curve c).sociated control and (E2/E1)e the corresponding ratio in
the experiment. The inhibitory effect was specific for Zn2/, since other
divalent cations such as Ca2/ (curve b), or Mg2/, Ba2/,Exposure of the acid-specific E19 epitope was as-
sessed by immunoprecipitation with the monoclonal anti- or Sr2/ (results not shown), at a concentration of 1 mM,
did not inhibit SFV–liposome fusion.body UM 8–64, with the same procedure as described
above for E2/E1 dissociation. The amount of precipitated The concentration dependence of SFV fusion inhibition
by Zn2/ is shown in Fig. 1B. Relative to the control in theE1, expressed in arbitrary units, was quantified by phos-
phorimaging. absence of Zn2/, the rate and extent of fusion started to
decrease at concentrations of Zn2/ as low as 10 mM (curveFormation of the E1 homotrimer was analyzed by SDS –
PAGE without prior heating of the samples to preserve b). With increasing concentrations, inhibition became
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SFV can be low-pH inactivated in the presence of Zn2/
Previously, it has been demonstrated that the mem-
brane fusion capacity of SFV is irreversibly inactivated
by a brief exposure of the virus to low pH in the absence
of target liposomes (Bron et al., 1993). It is likely that
acidification of the virus in the absence of target mem-
branes will result in initiation of conformational rear-
rangements in the viral spike similar to those occurring
in the presence of target membranes (Fuller et al., 1995).
However, at a certain stage of the process, the lack of
interaction with target membranes leads to the formation
of a fusion-inactive structure rather than a fusion-com-
plex. To examine whether, under conditions where the
virus is bound to target liposomes but unable to fuse due
FIG. 2. Low-pH-dependent binding of [35S]methionine-labeled SFV to to the presence of Zn2/, loss of fusion competence still
PC/PE/SPM/Chol liposomes. Closed triangles, control; open circles, 1
occurred, pyrene-labeled virus was incubated with lipo-mM ZnCl2 ; open triangles, 1 mM ZnCl2 and 2 mM EDTA; open squares,
somes at low pH in the presence of Zn2/. After differentpH 7.4.
periods of incubation, EDTA was added and the re-
maining fusion capacity of the virus was determined. As
more pronounced (curves c–e), while fusion was blocked a control, virus was incubated at low pH in the absence
completely at a concentration of 0.5 mM (curve f). of liposomes and Zn2/, followed by addition of liposomes
after different periods of incubation.
Zn2/ does not induce aggregation of SFV In Fig. 3, the kinetics of inactivation of SFV in the ab-
sence of liposomes and Zn2/ (closed circles) and in theTo rule out the possibility that the inhibitory effect of
presence of liposomes and Zn2/ (open squares) areZn2/ was caused by aggregation of the virus, we exam-
shown. Inactivation was fast under either condition andined the effect of Zn2/ on the apparent SFV particle size.
followed essentially similar kinetics. For example, in bothThe virus was incubated with or without 1 mM Zn2/ for
cases approximately 60% of inactivation was reached5 min at 377. Subsequently, the size of the particles was
within 10 sec after acidification. These results clearlydetermined by laser light scattering in a submicron parti-
show that, in the presence of Zn2/, the virus is not lockedcle sizer. Both in the absence and presence of Zn2/, the
in a condition from which fusion activity can be restoredapparent mean particle diameter was 60 nm (results not
through simple removal of the inhibitor.shown). This demonstrates that the virus did not aggre-
gate in the presence of 1 mM Zn2/ under the conditions
Zn2/ does not affect E2/E1 dissociation, but inhibitsof the experiment.
E1 homotrimer formation
Virus–liposome binding is not affected by Zn2/
After acidification, conformational changes occur in the
viral spike, which mediate the activation of the capacityOne of the first steps in the overall process of SFV –
liposome fusion is the low-pH-dependent binding of the of the virus to bind to and fuse with liposomes. Dissocia-
tion of the E2/E1 heterodimer is presumably the first stepvirus to the target membrane (Kielian and Helenius, 1984;
Wahlberg et al., 1992; Bron et al., 1993; Nieva et al., 1994; in the series of conformational changes in the viral spike.
Subsequent changes in E1 involve exposure of the E19Moesby et al., 1995). To examine whether this binding
step was affected by Zn2/, a flotation assay, involving epitope, emergence of a trypsin-resistant phenotype, and
formation of a homotrimeric structure, the presumed fu-radioactively labeled SFV, was performed as described
under Materials and Methods. In Fig. 2, it is shown that sion-active conformation of the spike. Here, we investi-
gated the effect of Zn2/ on the kinetics of these conforma-the binding of the virus to the liposomes was not influ-
enced by the presence of Zn2/. Both in the absence and tional changes. Radioactively labeled SFV was incubated
with PC/PE/SPM/Chol liposomes at low pH in the absencein the presence of Zn2/, the amount of virus bound to
the liposomes was over 90%. Also, in the presence of or presence of Zn2/ or with Zn2//EDTA. After various peri-
ods of incubation, samples were taken, neutralized, andZn2/ and an excess of EDTA, binding reached the same
level. Furthermore, the kinetics of the binding process analyzed for E2/E1 dissociation, exposure of the E19 epi-
tope, E1 trimer formation, and trypsin-resistance.were not influenced by the presence of Zn2/. These re-
sults clearly indicate that Zn2/ does not affect the initial Figure 4A (lane b) shows that, in the absence of Zn2/,
acidification of an SFV–liposome mixture induced exten-low-pH-dependent binding of the virus to the liposomes,
and thus that the inhibition of SFV–liposome fusion is sive dissociation of the E2/E1 spike, as evidenced by a
lack of E2 coprecipitation in the presence of an aE1not at the level of the binding step.
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triangles vs open circles). We note, however, that E1
trimer formation was not completely blocked by Zn2/ (Fig.
4C, lane c; Fig. 5C; open circles). Addition of an excess
of EDTA, prior to acidification, restored the capacity of
the spike to form trimers completely (Fig. 4C, lane d; Fig.
5C, open triangles).
Figures 4D and 5D show that the formation of trypsin-
resistant E1 was considerably slowed down in the pres-
ence of Zn2/ as well. Addition of EDTA before acidifica-
tion completely abolished the inhibitory effect of Zn2/.
These results show that, like exposure of the aE19 epi-
tope and E1 homotrimer formation, emergence of the
trypsin-resistant phenotype of E1 is also severely af-
fected by Zn2/.
FIG. 3. Inactivation of SFV by incubation at low-pH in the presence
or absence of Zn2/. Pyrene-labeled virus was incubated alone at low DISCUSSION
pH in HNE buffer (open squares) or in the presence of liposomes and
1 mM Zn2/ at low pH in HNE buffer (closed circles). After the incubation, The results of this study demonstrate that Zn2/ ions
liposomes were added to the virus alone and EDTA was added to the strongly inhibit SFV–liposome fusion. The inhibition is
virus/liposome/Zn2/ mixture, respectively. The percentage of inactiva- specific, since other divalent cations such as Ca2/, Mg2/,
tion was calculated as described under Materials and Methods.
Ba2/, and Sr2/ do not inhibit the process. The inhibition
can be prevented by addition of an excess of EDTA before
initiation of the fusion reaction. Low-pH-dependent bind-antibody. The kinetics and quantitation of the E2/E1 dis-
ing of the virus to liposomes is not influenced by Zn2/,sociation are presented in Fig. 5A. Almost complete dis-
sociation was reached as early as 5 sec after acidifica-
tion (closed triangles). In the presence of 1 mM Zn2/, E2/
E1 dissociation was only slightly inhibited, while, more-
over, the initial kinetics of the dissociation process were
not affected (Fig. 4A, lane c; Fig. 5A, open circles). Similar
results were obtained in the presence of Zn2/ and an
excess of EDTA added prior to acidification (Fig. 4A, lane
d; Fig. 5A, open triangles). No dissociation of the spike
was observed after incubation of the virus at neutral pH,
as evidenced by complete coprecipitation of E2 in the
presence of the aE1 antibody (Fig. 4A, lane a; Fig. 5A,
open squares).
The results shown in Figs. 4B and 5B demonstrate
that, in the absence of Zn2/, the E19 epitope was exposed
rapidly, since a large fraction of E1 could be precipitated
by the acid-specific monoclonal antibody after only 10
sec of acidification (Fig. 4B, lane b; Fig. 5B, closed trian-
gles). On the other hand, in the presence of 1 mM Zn2/,
exposure of the epitope was severely inhibited (Fig. 4B,
lane c; Fig. 5B, open circles). An excess of EDTA pre-
vented this inhibition (Fig. 4B, lane d; Fig. 5B, open trian-
gles). We even observed an increase of E1 precipitation
FIG. 4. Influence of Zn2/ on the conformational changes in the E2/E1in the presence of 1 mM Zn2/ and 2 mM EDTA , relative
spike of SFV. [35S]methionine-labeled virus and liposomes were incu-to the condition without Zn2/; we have no explanation
bated at low pH in the absence (lanes b) or presence (lanes c) of 1 mMfor this increase at this point.
Zn2/ or in the presence of 1 mM Zn2/ and 2 mM EDTA (lanes d). Lanes
As shown in Figs. 4C and 5C, like the exposure of the a represent pH 7.4 controls. Samples were taken at 60 sec, neutralized,
E19 epitope, the formation of the E1 homotrimer at pH and further analyzed. Gel patterns were visualized by autoradiography.
(A) Dissociation of the E2/E1 spike, analyzed by coimmunoprecipitation5.5 was severely impaired in the presence of Zn2/. For
of E2 with an antibody directed against E1 (UM 8-139). (B) Exposure ofexample, after 10 sec of acidification, E1 trimerization in
acid-specific epitope on E1, analyzed by immunoprecipitation of E1 with
the control reached a level of approximately 35%, the acid-specific E19 antibody (UM 8–64). (C) Formation of the E1 homo-
whereas in the presence of 1 mM Zn2/ only 8% of E1 trimer, analyzed by SDS–PAGE without heating of the samples. (D) De-
velopment of trypsin-resistant E1 phenotype.was in the trimeric state at that point (Fig. 5C, closed
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FIG. 5. Influence of Zn2/ on the kinetics of the conformational changes in the E2/E1 spike of SFV. [35S]methionine-labeled virus and liposomes
were incubated at low pH as described in the legend to Fig. 4. Samples were taken at the indicated time points, neutralized, and further analyzed,
again as described in the legend to Fig. 4, but now using phosphorimaging quantitation. Symbols are the same as described in the legend to Fig.
2. (A) Dissociation of E2/E1. (B) Exposure of acid-specific E19 epitope. (C) E1 homotrimer formation. (D) Development of E1 trypsin-resistance.
indicating that Zn2/ exerts its effect at a level subsequent mediates binding of the virus to the liposome mem-
brane, and, subsequently, also the actual fusion reac-to the initial binding step, presumably through interference
with the formation of fusion-active E1 homotrimers. tion (Bron et al., 1993).
Our present results give a more detailed and slightlyUpon exposure of an SFV – liposome mixture to low
pH, the viral envelope glycoprotein undergoes a series modified picture. Clearly, Zn2/ significantly inhibits E19
epitope exposure, E1 trimerization, and acquisition by E1of conformational changes, which result in irreversible
binding of the virus to the liposomes and ultimate fusion of the trypsin-resistant phenotype (Figs. 4B–4D). Yet the
extent and kinetics of virus–liposome binding remainof the viral envelope with the liposomal bilayer (Wahl-
berg et al., 1992; Bron et al., 1993). These conforma- completely unaffected (Fig. 3), indicating that these con-
formational changes in E1 are not involved in the bindingtional changes in the viral spike include dissociation of
the E2/E1 heterodimer, exposure of a specific epitope process. This then would imply that the initial acid-in-
duced E2/E1 dissociation, which is unaffected by Zn2/on E1 (E19), formation of an E1 homotrimeric structure,
and emergence of a trypsin-resistant phenotype of E1 (Fig. 4A), is the only requirement for virus–liposome bind-
ing. Recently, Kielian et al. (1996), using a nonfusogenic(Kielian et al., 1985; Wahlberg et al., 1992; Bron et al.,
1993; Justman, et al., 1993). In our previous kinetic study mutant virus with a Gly-to-Asp substitution at position 91
in E1 (G91D), came to a similar conclusion. The mutantof SFV – liposome fusion, E19 epitope exposure, E1 tri-
merization, and development of the trypsin-resistant virus lacked the ability to form E1 homotrimers, but re-
tained the capacity to undergo E2/E1 heterodimer disso-form of E1 all followed similar kinetics, which clearly
preceded the kinetics of fusion (Bron et al., 1993). The ciation and to bind to cholesterol-containing liposomes
in an acid-dependent manner, indicating that E2/E1 dis-kinetics of the E1 conformational changes appeared
to also slightly precede virus – liposome binding, and, sociation, but not E1 trimer formation, is required for
virus–liposome binding.therefore, we proposed that it is the E1 homotrimer that
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It seems clear that Zn2/ inhibits SFV–liposome fusion somes and Zn2/). This means that the spike is still able
to undergo conformational changes in the presence ofby interfering with a conformational change in E1 imme-
diately downstream of the dissociation of the E2/E1 het- Zn2/, resulting in irreversible inactivation of fusion ability.
In other words, predisposition of the spike to becomeerodimer, specifically at the point of exposure of the E19
epitope (Figs. 4B and 5B). Interestingly, the G91D mutant inactivated is not inhibited by Zn2/. After 5 min of low-
pH incubation in the presence of Zn2/, 25% of E1 wasvirus, which does not form E1 homotrimers, retains the
capacity to expose the E19 epitope, suggesting that this converted into its trimeric conformation (results not
shown). It is likely that these E1 homotrimers do notrepresents an early step in the series of changes in E1,
occurring just after E2/E1 dissociation but preceding E1 represent a fusion-active conformation of the spike, since
at a 25% density one would have expected to see sub-homotrimer formation (Kielian et al., 1996). Inhibition by
Zn2/ of this early step implies that the subsequent forma- stantial fusion. Presumably, the trimers formed after 5
min of low-pH incubation in the presence of Zn2/ repre-tion of the E1 homotrimer, which is presumably equiva-
lent to the trypsin-resistant form of E1, is also strongly sent a stable final condition. It has been shown before
that, also under fusion conditions, the E1 homotrimersinhibited. This underlines our previous conclusion (Wahl-
berg et al., 1992; Bron et al., 1993) that the E1 homotrimer are very stable and remain long after fusion has occurred
(Bron et al., 1993; Wahlberg et al., 1992). Stable E1 trimersrepresents the fusion-active conformation of the SFV
spike. Yet there is not a direct and complete correspon- can also be induced by incubation of viral particles alone
at low pH (Wahlberg et al., 1992; Justman et al., 1993). Itdence between the lack of fusion and the inhibition of
E1 homotrimer formation. For example, Figs. 4C and 5C therefore would appear that two separate forms of the
E1 homotrimer have to be distinguished, a fusion-compe-show that, in the presence of 1 mM Zn2/, after 60 sec a
significant fraction of E1 had undergone conversion into tent, probably transient, configuration and a fusion-in-
competent, stable, configuration.trimers, whereas fusion is completely blocked (Fig. 1).
This suggests that the trimers that are formed under Previous observations have suggested the induction
of a proton channel in the viral envelope formed by E1these conditions are fusion-incompetent. In a sense this
condition closely resembles the situation with target lipo- (Spyr et al., 1995; Dick et al., 1996), which could be
blocked by Zn2/ (Lanzrein et al., 1993). This channelsomes lacking sphingolipid (Nieva et al., 1994). Such
liposomes, provided they contain cholesterol, do support would allow passage of protons into the viral lumen, and
thus mediate the loosening of the interaction betweenlow-pH-dependent binding of the virus, but they do not
support fusion, similar to sphingolipid-containing lipo- the nucleocapsid and the C-terminus of E2. We have not
investigated the presence of such a channel in the viralsomes in the presence of 1 mM Zn2/. Therefore, one
possibility is that a putative E1–sphingolipid interaction membrane, but on the basis of our present results it
may be speculated that, rather than blocking the putativeis blocked by Zn2/, resulting in inability of the spike to
form fusion-competent E1 homotrimers, as opposed to channel, Zn2/ in fact inhibits the rearrangement of E1
leading to formation of the channel, which could well befusion-inactive trimers. However, Zn2/ may also interfere
with another step in the series of conformational changes a homotrimeric structure.
upstream or downstream of the interaction of E1 with
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